Based on an inexhaustible and ubiquitous source of oxygen, the lithium-oxygen batteries are currently the subject of much scientific investigation because of their potential for extremely high energy density. The electrocatalytic materials for them have been extensively researched during the past decade. Even though they are a key component in the lithium-oxygen batteries, however, the study of electrolytes is still in its primary stage. Electrolytes have an important influence on the electrochemical performance of lithium-oxygen batteries, especially on their cycling stability and rate capacity. Therefore, it is important to select an ideal electrolyte with excellent stability against attack by reaction intermediates, along with excellent oxygen solubility and diffusivity. In this review, the physicochemical and electrochemical properties of organic electrolytes for lithium-oxygen batteries are discussed and compared. Furthermore, possible research directions are proposed for the development of an ideal electrolyte for enhanced electrochemical performance.
excellent reviews have been published to summarize recent developments and our current understanding of Li-O 2 batteries, especially with respect to the cathode electrocatalytic materials. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] These reviews have comprehensively discussed the relationship between the structure of electrocatalytic materials and the electrochemical performance of Li-O 2 batteries. There are, however, few reviews focused on the effects of different electrolytes on the electrochemical performance of the Li-O 2 batteries. [36] [37] [38] For the aqueous Li-O 2 batteries, LiOH is generated or oxidized at the cathode during discharge and charge processes because H 2 O and O 2 are involved in the reactions. In the case of the nonaqueous Li-O 2 batteries, there are two essential processes that determine their electrochemical performance: the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER). During the ORR process, the Li 2 O 2 is precipitated as the final discharge product on the air cathode, while during the OER process, Li 2 O 2 is then decomposed and the O 2 is regenerated. Therefore, there are huge differences between aqueous and nonaqueous Li-O 2 batteries. Since the nonaqueous Li-O 2 batteries have dominated the research efforts on the Li-O 2 battery systems during the past decade, we mainly concentrate on the organic electrolytes for nonaqueous Li-O 2 batteries. [17, [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] The performance of the Li-O 2 batteries is highly dependent on the electrolyte due to the importance of stability against nucleophilic attack by highly sensitive intermediate radicals in an oxygen-rich electrochemical environment, along with the oxygen solubility and diffusivity. Otherwise, some side reactions associated with the decomposition of electrolyte or air cathode would arise, leading to poor cycling performance and limited rate capability. [51] [52] [53] [54] [55] [56] [57] Hence, it is a crucial challenge to choose a stable and appropriate electrolyte for the nonaqueous Based on an inexhaustible and ubiquitous source of oxygen, the lithiumoxygen batteries are currently the subject of much scientific investigation because of their potential for extremely high energy density. The electrocatalytic materials for them have been extensively researched during the past decade. Even though they are a key component in the lithium-oxygen batteries, however, the study of electrolytes is still in its primary stage. Electrolytes have an important influence on the electrochemical performance of lithium-oxygen batteries, especially on their cycling stability and rate capacity. Therefore, it is important to select an ideal electrolyte with excellent stability against attack by reaction intermediates, along with excellent oxygen solubility and diffusivity. In this review, the physicochemical and electrochemical properties of organic electrolytes for lithium-oxygen batteries are discussed and compared. Furthermore, possible research directions are proposed for the development of an ideal electrolyte for enhanced electrochemical performance.
Introduction
The development of energy storage and conversion technologies with high power density, outstanding energy efficiency, sustainability, and long lifetimes has become significantly more intensive with increased demands arising from portable electronics and the electrification of transportation. [1] [2] [3] [4] [5] Nowadays, lithiumoxygen (Li-O 2 ) battery systems have been considered as one of the most promising electrochemical energy storage devices for next-generation electric vehicles in the near future. [1, [4] [5] [6] [7] [8] The unique battery chemistry and electrode architecture can deliver a remarkably high theoretical specific energy, ≈3.6 kWh kg −1 , which is probably capable of supplying sufficient energy storage for electric vehicles to move more than 500 miles per charge. [1] The Li-O 2 battery is normally composed of a lithium metal anode, an electrolyte, and a porous air cathode embedded with catalysts that is open to O 2 in the atmosphere. The Li-O 2 batteries, which could consequently help the development of nonaqueous Li-O 2 batteries. In this short review, we mainly focus on the physicochemical and electrochemical properties of nonaqueous electrolytes, and discuss the relationship between electrolyte solvents and the electrochemical performance of the Li-O 2 batteries.
Electrolyte Requirements
Compared with conventional lithium ion batteries, the electrolytes for the Li-O 2 batteries critically influence the formation mechanism of solid discharge products, thus affecting the maximum discharge capacity. [58] [59] [60] [61] [62] There are two different Li 2 O 2 formation mechanisms during the discharging process: the solution-based mechanism, with the major discharge products toroidal Li 2 O 2 particles and high discharge capacity; and the surface-based mechanism, with the main discharge products Li 2 O 2 films and significantly lower discharge capacity. High donor number (DN) solvents lead to strong solvation of Li + or Li + -containing species and facilitate the solution-based mechanism to generate soluble LiO 2 , which would disproportionate to toroidal Li 2 O 2 particles in solution and result in significant improvements in capacity. Low DN solvents, however, could mainly yield surface-absorbed LiO 2 because the solvation is weaker than that of high DN solvents. That surface-absorbed LiO 2 then disproportionate to Li 2 O 2 films on the electrode surface through a surface-based mechanism, leading to electrochemistry cease and premature cell death when the thickness of insulating Li 2 O 2 film reaches about 5-6 nm. [58] The formation of toroidal Li 2 O 2 particles could also be significantly promoted with trace amounts of high DN and/or acceptor number (AN) electrolyte additives. [59, 63] In addition, the cycling stability of the Li-O 2 batteries would be affected if the electrolyte is unstable and decomposes during cycling. The ideal electrolyte should have excellent physicochemical and electrochemical stability, which could guarantee the long cycling life and excellent electrochemical performance of nonaqueous Li-O 2 batteries. Therefore, a suitable electrolyte should meet the following requirements:
(1) High physicochemical stability, including low volatility or low vapor pressure, low moisture absorption, and nonflammability. As mentioned above, the Li-O 2 battery systems should be open to the ambient atmosphere; therefore, nonaqueous solvents with low moisture absorption and low volatility are necessary and play a critical role in increasing cycling performance. Figure 2a presents the solvent evaporation rate and moisture absorption rate for various electrolytes. For example, the 1,2-dimethoxy ethane (DME) solvent evaporates quickly, and the pure solvent loses 87% of its initial weight, just by two days' storage inside a dry box at about 29 °C. [64] The cell will prematurely die because the electrolyte has dried out. favorable if the electrolyte has low water solubility or is hydrophobic, as the research results show in Figure 2b . [64] These characteristics can lower the possibility of any additional reactions between moisture from the environment and the lithium metal, especially in Li-O 2 batteries. (2) Solid electrolyte interphase (SEI) formation. Lithium metal is an alkali metal and hence chemically reactive, rather electropositive, and quite susceptible to oxidation, especially in open atmosphere. [4, 61, 65] A Li + conducting SEI film, generated on the surface of the lithium metal via decomposition of the www.advsustainsys.com electrolyte, can impede the corrosion of lithium metal, but lithium deposition is usually associated with dendrite formation. The SEI formation differs notably from that on graphite. [66] Hence, it is also a big challenge to form a highly stable SEI layer by the use of different Li salts, solvents, additives, and alternative Li metal anodes.
(3) High oxygen solubility and diffusivity during the reaction process. Oxygen dissolution and diffusion in the interior of the cathode electrode, which is immersed in electrolyte, are the determining factors in oxygen availability, as shown in Figure 3 . Therefore, besides high Li ion conductivity, excellent oxygen dissolution and diffusion properties are necessary. [67, 68] Adv. Sustainable Syst. 2018, 2, 1700183 Although nonaqueous electrolytes have been studied for decades and successfully utilized in the current commercialized Li-ion batteries, they could not be applied in Li-O 2 battery systems directly because of the above special requirements. [60, 61, [72] [73] [74] [75] [76] [77] [78] [79] [80] There have been many publications regarding Li-O 2 battery systems and considerable achievements, but perfect nonaqueous electrolytes have not yet been found. [69, 81, 82] Based on the above research, an ideal nonaqueous electrolyte for Li-O 2 battery systems should satisfy the following demands: (i) high physical stability, including low volatility or low vapor pressure, low moisture absorption, and nonflammability; (ii) stable solid electrolyte interphase formation on the surface of the lithium metal anode; (iii) outstanding oxygen solubility and diffusivity; and (iv) excellent chemical and electrochemical stability, especially in the presence of superoxide radicals (O 2 − ). (Figure 4) , accelerating the formation of Li 2 CO 3 and lithium alkyl carbonate based on density functional calculations. [92] Bruce and co-workers also identified Li 2 CO 3 , C 3 H 6 (OCO 2 Li) 2 , CH 3 CO 2 Li, HCO 2 Li, CO 2 , and H 2 O as discharge products of an Li-O 2 battery with PC as electrolyte by utilizing Fourier transform infrared spectroscopy (FTIR) and 1 H nuclear magnetic resonance ( 1 H NMR), as shown in Figure 5 . [90] As shown in Figure 5d , the nucleophilic attack by O 2 − occurs at the CH 2 group through an SN 2 mechanism acting to the methylene group, leading to the ring opening and decomposition of PC electrolyte.
Nonaqueous Electrolyte

Ether-Based Electrolytes
Because of the low stability and severe decomposition of carbonate-based electrolytes during the operation of Li-O 2 batteries, ether-based solvents have come into consideration as organic electrolytes for Li-O 2 batteries. [93] [94] [95] [96] [97] Ether-based solvents, such as linear (1,2-dimethoxyethane (DME) (DN = 20.0) and tetraethylene glycol dimethyl ether (TEGDME) (DN = 16.6)) and cyclic ethers (1, 3- C is the concentration of O 2 in the gas phase at the border. Reprinted with permission. [67] Copyright 2010, The Electrochemical Society. − from density functional theory. The first step A → B is barrierless. The enthalpy of activation is 23.6 kcal mol −1 for C → D, but it is much below that for the starting reactants. Note that the addition of Li + in either position (A) or (B) results in the formation of structure C. [92] Copyright 2011, American Chemical Society.
(2-Me-THF) (DN = 18)), have relatively higher stability than carbonates with respect to superoxide radicals and oxidation potentials up to 4.5 V versus Li/Li + . [91, [98] [99] [100] Read was the first to test a nonaqueous Li-O 2 battery system with the ether-based electrolytes DOL and DME. [101] The etherbased electrolytes exhibited good stability and excellent rate − radical. [102] The stability of DME solvent was further investigated by McCloskey et al. using four different catalyst electrodes, and they confirmed that Li 2 O 2 is the dominant product during the reaction and that O 2 evolution is the dominant charging process, as shown in Figure 6 . [70] According to the results of in situ quantitative gas-phase mass spectrometry (DEMS) measurements, the amount of O 2 evolved during the charge process accounts for only 60% of the O 2 consumed during discharge. Bruce and co-workers demonstrated that Li 2 O 2 could only be obtained during the first discharge, and there is little or no Li 2 O 2 after the fifth discharge process when the linear ether TEGDME is employed (Figure 7a) . [69] Although ether-based electrolytes are more stable compared to carbonatebased electrolytes, they also experience electrolyte decomposition during cycling, which is associated with the generation of H 2 O, CO 2 , lithium formate, Li 2 CO 3 , HCO 2 Li, CH 3 CO 2 Li, and polyethers/esters (Figure 7b ). As shown in Figure 7c, 2 Li, and CH 3 CO 2 Li for 2-Me-THF).
DMSO Electrolyte
Dimethyl sulfoxide (DMSO)-based electrolyte has also been paid considerable attention on account of its high conductivity and low viscosity. [103, 104] DMSO (DN = 29.8) not only could form strongly conducting solutions because of its excellent salt solubility as a polar versatile solvent, but also possesses high electrochemical reversibility for the O 2 /O 2 − couple. [98] DMSO is also unstable when a carbon electrode is used, as reported by Aurbach and co-workers, and the formation of some minor side products related to the DMSO decomposition was observed, such as Li 2 SO 3 , Li 2 SO 4 , and dimethyl sulfone. [105] Bruce and co-workers discovered that when TiC instead of carbon was employed as the cathode material, the side reactions associated with electrolyte decomposition could be significantly reduced. [106] Although DMSO also suffers from very little electrolyte decomposition with the side product HCO 2 Li, it exhibited greatly enhanced cycling stability over 100 cycles when compared with TEGDME, as shown in Figure 8 . The results indicate >99.5% purity of Li 2 O 2 formation after each discharge process and its complete decomposition during the recharge process, with >98% capacity preservation up to 100 cycles.
Nevertheless, DMSO is also unstable with respect to bare Li metal anodes. Therefore, Zhang and co-workers demonstrated that DMSO electrolyte could significantly enhance the stability of lithium metal and the cycling performance of the Li-O 2 batteries through adjusting the concentration of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in DMSO electrolyte (Figure 9) . [18] The highly concentrated DMSO electrolyte contains only complexes of (TFSI − ) n -Li + -(DMSO) 4−n instead of free DMSO, thus increasing its stability with lithium metal anodes. Moreover, these complexes have higher Gibbs activation energy barriers than the free DMSO, indicating enhanced stability of the electrolyte against attack by superoxide radical anions.
Adv. Sustainable Syst. 2018, 2, 1700183 Figure 6 . Gas evolution from cells employing DME. a) Discharge-charge voltage curves, and corresponding b) O 2 and c) CO 2 evolution during charging of cells using various cathode catalysts. [70] Copyright 2011, American Chemical Society. Figure 10 . [107] In addition, the decomposition of DMSO and the transformation of Li 2 O 2 into LiOH could be accelerated by adding KO 2 .
Ionic Liquids
Ionic liquids not only have a wide electrochemical window, but also have a negligible vapor pressure as well as superior hydrophobicity and low flammability. [108] [109] [110] [111] [112] [113] [114] [115] Ionic liquids have very low salt solubility and poor conductivity, however, which may hinder the formation of an SEI on lithium metal and limit the rate capacity. [116] Thermophysical property comparisons of some common ionic liquids with DME and DMSO electrolytes are listed in Table 1 . [98, 116] It is obvious that ionic liquids have much higher viscosity and relatively lower O 2 diffusivity coefficients compared with DME and DMSO.
Many efforts have been devoted to researching the use of ionic liquid-based electrolytes in Li-O 2 batteries. [117] [118] [119] [120] [121] [122] For instance, a novel Li-O 2 battery exploiting 1-butyl-1-methyl pyrrolidium bis(trifluoromethanesulfonyl)imide (PYR 14 TFSI)-LiTFSI as an ionic liquid-based electrolyte was employed by Hassoun and co-workers [117] They demonstrated that their Li-O 2 battery with the ionic liquid electrolyte had a very stable electrolyte-electrode interface and extremely reversible chargedischarge cycling performance. Moreover, the charge process has a very low overpotential, improving the energy efficiency to about 82% and thus overcoming one of the most vital problems preventing the practical application of Li-O 2 battery systems. Nevertheless, the low salt solubility and poor conductivity of ionic liquids are still obstructing their practical application. In addition, some ionic liquids also have been demonstrated to be unstable as electrolytes for Li-O 2 batteries. For example, Hayyan et al. demonstrated that 1-butyl-3-methylimidazolium trifluoromethanesulfonate (BMIm) TfO is unstable against attack by the peroxide radical. [110] Furthermore, Vegge and coworkers investigated the stability and reversibility of several ionic liquids (N-methyl-N-propylpyrrolidinium TFSI (P 13 TFSI),
, and N-methyl-N-butyl-pyrrolidinium TFSI (P 14 TFSI)) by using DEMS. [116] They demonstrated that even though P 14 TFSI has the best stability and performance (even better than DME), it is still not suitable as electrolyte for the Li-O 2 batteries. The cation and anion of the ionic liquids could also significantly affect the stability and reversibility of Li-O 2 batteries.
Recently, some high temperature molten inorganic salt electrolytes have also been studied as promising candidates 
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to replace volatile, unstable, and air-intolerant organic electrolytes. [123] [124] [125] [126] For example, an intermediate temperature molten nitrate-based LiNO 3 /KNO 3 eutectic electrolyte has been exploited with extremely low discharge/charge overpotential of 50 mV (Figure 11) . [123] The cell also demonstrated enhanced reversibility and rate capability due to the improved solubility of the discharge products in the electrolyte. Nevertheless, because it needs to be operated above the liquidus temperature (150 °C), the porous carbon cathode tends to react with oxygen reduction products to form Li 2 CO 3 , which is a barrier to their practical application (Figure 11b ).
In addition, the performance of ionic liquids could be synergistically improved by blending with aprotic solvents, such as PYR 14 TFSI/TEGDME electrolyte, [120] 1-butyl-1-methyl-pyrrolidinium bis(trifluoromethylsulfonyl)imide ([BMP][NTf 2 ])/ DMSO electrolyte, [127] N-methoxyethyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)-imide (PYR 1,2O1 TFSI)/TEGDME electrolyte, [128] 
[TFSI]/TEGDME electrolyte, [129] and PYR 14 TFSI/DME electrolyte. [130] For example, PYR 14 TFSI/TEGDME electrolyte demonstrated enhanced kinetics and reversibility for the oxygen reactions due to the significantly improved conductivity of the TEGDME electrolyte by blending with PYR 14 TFSI ionic liquid, resulting in a lower overpotential during the charge process compared with the solely TEGDME electrolyte. [120] [127] Wang and co-workers reported that the mixture of PYR 14 TFSI and DME could enable the single-electron mechanism, which reduces the recharge overpotential to as low as 0.19 V. Specifically, the presence of PYR 14 TFSI in the solution could stabilize the superoxide species, leading to single-electron mechanism featuring low recharge overpotential. [130] 
Acetonitrile Electrolyte
Acetonitrile based electrolyte (CH 3 CN (MeCN) (DN = 14.1)) also has been studied as electrolyte for Li-O 2 batteries due to its excellent stability toward the O 2 − radical intermediate. [63, 98, 131, 132] By using surface enhanced Raman spectroscopy (SERS), Bruce and co-workers reported that the O 2 − radical intermediate was generated in CH 3 CN-based electrolyte and then formed LiO 2 on the surface of electrode which disproportionated to Li 2 O 2 during the discharging process; also, during charging, Li 2 O 2 decomposed to lithium and O 2 directly without the formation of the O 2 − radical intermediate (Figure 12a) . [131] They also proved that the electrolyte is stable toward the O 2 − radical intermediate by using cyclic voltammetry (CV) results, as shown in Figure 12b . Furthermore, Vegge and co-workers demonstrated that there is no indication of degradation of CH 3 CN electrolyte with Li 2 O 2 by using X-ray photoelectron spectroscopy (XPS) analysis. [133] Even through the CH 3 CN electrolyte is stable toward the superoxide intermediate and Li 2 O 2 , its high volatility and high reactivity toward lithium metal prevent its further use as a suitable electrolyte for Li-O 2 batteries.
Amide-Based Electrolyte
The amide-based electrolytes, such as linear (dimethylformide (DMF) (DN = 26. [107] Copyright 2014, American Chemical Society. 2 Li, CH 3 CO 2 Li, and NO, was observed on discharge. [134] DMA and NMP also proved to be unstable when used as electrolyte for Li-O 2 batteries based on 1 H NMR and FTIR analysis. In addition, the high reactivity of amide-based electrolytes toward the lithium anode further inhibits their application as suitable electrolytes for Li-O 2 batteries. Nevertheless, the decomposition of the electrolyte would be prevented if a stable SEI could be formed on the surface of the anode. For example, Walker et al. reported the formation of stable SEI in DMA electrolyte with the help of lithium nitrate (LiNO 3 ). [135] The Li-O 2 battery exhibited outstanding cycling stability for more than 2000 h (>80 cycles), and O 2 as the primary gas product evolved during cycling, as shown in Figure 13 . The nitrate anion is capable of forming a persistent SEI on lithium anode. The function of the nitrate anion will be discussed in Section 5. The enhanced stability could be attributed to the inertness of amide-based electrolyte toward the O 2 − radical intermediate, combined with the formation of a stable SEI on the lithium anode. Recently, Peng and co-workers also reported that HMPA based Li-O 2 batteries have excellent cycling stability, rate capability, and voltaic efficiency with negligible side reactions. [137] The excellent performance could be attributed to the strongly solvating property of HMPA electrolyte, which could dissolve the major discharge products of Li 2 O 2 as well as potential side reaction products of Li 2 CO 3 and LiOH and alleviate the passivation/clogging issues of the porous cathode during discharge. However, additional protective layers for lithium metal (such as LiPON ceramic film) are needed to prevent lithium anode dissolution by HMPA electrolyte.
Other Electrolytes
Several other nonaqueous electrolytes have been studied for Li-O 2 batteries, such as solid polymer electrolytes, [16, 138] tri(ethylene glycol)-substituted trimethylsilane (1NM3), [92] hydrate-melt ("water-in-salt") electrolytes, [139] and solid glassceramics electrolytes. [140, 141] For example, as an ion conducting medium, polymer was initially studied in the early 1970s by P.V Right, but the technological 
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interest in polymers was considerably aroused when Armand utilized them in rechargeable solid state batteries as novel types of solid electrolyte. [142] The growth of lithium dendrites prevents the practical application of lithium metal anode, which may short-circuit the cells and lead to serious safety issues. Polymer-based electrolytes are expected to minimize the hazard of metallic lithium due to the absence of convection and diffusion selectivity. [142] Specifically, polymer electrolytes with high ionic conductivity and reduced anion mobility could suppress dendrite growth by mitigating anion depletion near the electrode-electrolyte interface. [143] The elasticity of the polymer electrolytes could also subside the dendrites upon continuous cycling. Although many polymer systems have been studied for the lithium ion battery system, poly(ethylene) oxide (PEO) containing a lithium salt, e.g., lithium trifluoromethanesulfonate (LiCF 3 SO 3 ), has been the most promising type until now. The polymer-salt electrolyte demonstrated excellent interfacial compatibility during lithium oxidation and deposition in a lithium stripping/plating test, so that it allows the use of metallic lithium. [144] Nevertheless, the huge internal resistance of such polymer-salt electrolytes is still hindering their widespread practical application in Li-O 2 batteries. On the other hand, gel-polymer electrolytes, which are normally composed of liquid electrolytes in a polymer matrix, have proved to have high ionic conductivity and excellent mechanical flexibility for Li-ion batteries. [145] [146] [147] A hybrid electrolyte with a combination ; c) cycling performance of cells containing liquid and GPE-5s electrolyte; d) schematic diagram of the internal structure of the lithium-oxygen cell. [138] Reproduced with permission. [138] Copyright, Royal Society of Chemistry.
of solid electrolyte and gel-polymer electrolyte may feature both high ionic conductivity and good protection for the lithium metal anode, protecting it from direct contact and reacting with O 2 (Figure 14) . [138] A flexible Li-O 2 battery system with a gel-solid-polymer electrolyte could not only prevent electrolyte evaporation, but also preserves the lithium metal anode during cycling. This system also exhibits excellent rechargeability performance. [138] 
Electrolyte Additives
As mentioned above, the electrolyte additives also could significantly affect the reaction mechanisms and influence the discharge capacity and reversibility. As the most common electrolyte additive, redox mediators have received much attention because they could effectively reduce the charge or discharge polarization of Li-O 2 batteries. It is well known that many electrolytes and electrodes are not stable at high voltage. For example, carbon cathode is unstable on charging above 3.5 V in the presence of Li 2 O 2 , decomposing to form Li 2 CO 3 . The electrolyte is also decomposed at the high overpotentials needed for the decomposition of insoluble Li 2 O 2 . These reactions lead to unstable electrolytes and carbon cathodes. [148] [149] [150] Therefore, numerous efforts have been devoted to the research on redox mediator additives, which has been considered as the most promising strategy to achieve both high capacity and excellent reversibility for Li-O 2 batteries through reducing the charge/discharge overpotentials. Based on this function, redox mediators could be divided into discharge redox mediators and charge redox mediators. 
Charge Redox Mediator
A sustainable charge redox mediator could be directly oxidized at the cathode electrode surface and then, in turn, oxidize the insoluble Li 2 O 2 particles. In addition, sustainable charge redox mediators could accelerate the decomposition of insulating products by moving into the cathode electrode and facilitating the transport of electrons between the insulating products and the cathode electrode during charging. Many charge redox mediators have been reported, such as lithium iodide (LiI), [151, 152] lithium bromide (LiBr), [148, 153] tetrathiafulvalene (TTF), [82] tris [4-(diethylamino) phenyl]amine (TDPA), [154] 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), [155, 156] phthalocyanine (FePc), [157] and heme molecules. [158] Taking the iodide (I -) ion as an example, it could be oxidized to I 3 − or I 2 on the surface of the electrode during charging and then react with Li 2 O 2 to form Li + and O 2 gas with the regeneration of I − ions. [151] Therefore, the charging overpotential could be considerably decreased, leading to outstanding cycling stability and energy efficiency (Figure 15) . Researchers found, however, that LiI would promote side reactions involving LiOH with water contaminations. The reaction mechanism of iodide mediator is still under hot debate and attracting increasing controversy due to lots of controversial reports. [159] [160] [161] [162] [163] LiBr has been demonstrated could suppress the parasitic reaction even with water contaminations. The Br 2 generated when fully discharged is still a problem, which is very corrosive and reactive. Likewise, through the introduction of TTF into the DMSO, the cell had a greatly decreased overpotential and exhibited excellent cycling performance (Figure 16) . [82] During the charging process, TTF is oxidized to TTF + at the surface of the positive electrode, and during discharging, TTF + , in turn, oxidizes the insoluble Li 2 O 2 , which results in the reformation of TTF. TTF acts as a molecular electron-hole transfer agent on charging, which allows efficient oxidation of insoluble Li 2 O 2 . With the help of this charge redox mediator, the cell is able to recharge at high current densities (1 mA cm −2 ), which is impossible in the same cell without the TTF.
Discharge Redox Mediator
Beside charge redox mediators, discharge redox mediators could also significantly affect the capacity and cycling stability of Li-O 2 batteries. [59, 164, 165] In low DN solvents, the electrochemistry at the cathode surface is discharge redox mediators reduction rather than direct generation of Li 2 O 2 . Therefore, the introduction of discharge redox mediators could promote the solution-based mechanism and simultaneously suppress the growth of Li 2 O 2 films on the cathode surface, avoiding early cell death. The activity of several electrolyte additives has been studied, such as 2,5-Di-tert-butyl-1,4-benzoquinone (DBBQ), [166] H 2 O, [59, 165] 3-[2-(perfluorohexyl)ethoxy]-1,2-epoxypropane (FC), [167] and K + . [164] Viswanathan and co-workers reported that trace amounts of H 2 O electrolyte additive could prompt a solution-based mechanism, leading to the growth of Li 2 O 2 toroids (Figure 17) . [59] As mentioned previously, Li-O 2 batteries could deliver much higher capacity and excellent rate capability through forming large Li 2 O 2 toroids (solution-based mechanism) rather than thin Li 2 O 2 films (surface-based mechanism) during discharge. . [82] Copyright 2013, Nature Publishing Group.
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capacity. Therefore, the discharge capacity is increased in the presence of a trace quantity of H 2 O. Tonti and co-workers demonstrated that the rate capability of the Li-O 2 batteries is remarkably enhanced by adding K + to the electrolyte. [164] The K + cation does not directly affect the battery chemistry, but it improves the solution-based mechanism by assisting the superoxide solvation, forming homogeneously deposited Li 2 O 2 toroids in the porous cathode electrode. In addition, the battery exhibited much extended cycling stability when using iodide as charge redox mediator (Figure 18) . Recently, Bruce and co-workers demonstrated that, using dual mediators, DBBQ (discharge redox mediator) and TEMPO (charge redox mediator) could efficiently mitigate the decomposition of the carbon cathode and decrease the high charge overpotential, leading to enhanced electrochemical performance and cycling stability. [156] As shown in Figure 19, , which is 20-fold higher in the first cycle than without mediators (Figure 19 b) . In addition, with the help of a discharge redox mediator, the undissolved LiO 2 could reduce DBBQ rather than directly forming Li 2 O 2 , even in the presence of low DN or AN solvents or salts. As a result, Li 2 O 2 formation is moved into solution without the need for high DN or AN solvents or salts.
Lithium Salts
Like solvents, lithium salts also could significantly affect the performance of the Li-O 2 batteries through influence the solvent viscosity, wettability, and oxygen solubility. [37, 64, 132, [168] [169] [170] [171] [172] [173] An ideal salt should meet the following minimal requirements: The choice of lithium salts is rather limited compared with the available aprotic organic electrolytes. [61, 174, 175] The stabilities of a series of lithium salts, including LiBF 4 , LiPF 6 , LiClO 4 , and LiTFSI (in TEGDME electrolyte) were also tested by using XPS and 19 F-NMR. [158] Through analysis of the discharge products, it was found that all of these lithium salts experience the similar decomposition due to the presence of superoxide radicals. And LiClO 4 was demonstrated to be the least reactive salt toward superoxide radicals. Later, Zhang and co-workers also tested a series of lithium salts in TEGDME electrolyte, although, they reached a conflicting conclusion (Figure 20) . [169] They demonstrated that the performance of Li-O 2 batteries would be strongly affected by the lithium salts used in the www.advsustainsys.com electrolyte. LiBF 4 and lithium-bis(oxalato)borate (LiBOB) salts were unstable, suffering from decomposition with the formation of LiF and lithium oxalate, respectively. Discharge products of Li 2 O 2 could be obtained when using LiTFSI, lithium trifluoromethanesulfonate (LiTf), LiPF 6 , LiClO 4 , and LiBr salts. Among them, LiBr and LiClO 4 exhibited the best stability during the discharge process, while LiTf and LiTFSI demonstrated the best cycling performance. Although LiClO 4 has severe safety issues for industrial application, it has been widely used because of its relatively higher stability. Recently, Peng and co-workers reported a novel lithium salt of Li[(CF 3 SO 2 ) (n-C 4 F 9 SO 2 )N] (LITNFSI), which could effectively suppress the side reactions and dendrite growth of lithium metal anode during cycling (Figure 21) . [170] The LITNFSI salt could form a stable, uniform, and O 2 -resistive SEI on the lithium metal anode, and effectively inhibits lithium dendritic growth and side reactions. In addition, the stability of these salts would also be dependent on the solvent used and the resulting salt-solvent complexes formed.
As a common salt, LiNO 3 has also been studied as electrolyte salt for the Li-O 2 batteries. [135, [176] [177] [178] The nitrate anion can contribute to the formation of a protective SEI with the reduction of the nitrate anion on lithium metal in the form of Li 2 O and LiNO 2 , which inhibits the rapid and sustained solvent decomposition in the presence of Li anode. Later, research demonstrated that the soluble nitrite anions formed by the reduction of nitrate anion could subsequently react with dissolved O 2 through a combined electrochemical and chemical process, resulting in the regeneration of nitrate. [176] Aurbach and co-workers demonstrated that LiNO 3 not only serves as an electrolyte, but also serves as a useful redox mediator. [178] The oxidized form (NO 2 ) of its reduction product nitrite can easily oxidize Li 2 O 2 .
Adv. Sustainable Syst. 2018, 2, 1700183 Figure 18 . a) Transmission electron microscope (TEM) images of the discharge products obtained in the presence and absence of K + as additive; b) first discharge curves of batteries with and without K + additive in the electrolyte; c) cycling stability of the batteries with LiI and with KI as additive in the electrolyte. [164] Copyright 2017, American Chemical Society.
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Adv. Sustainable Syst. 2018, 2, 1700183 Figure 19 . a) Schematic illustration of cathode electrode reactions in the presence of DBBQ and TEMPO dual redox mediators, b) discharge-charge curves of porous carbon electrodes with and without mediators. [156] Copyright 2017, Nature Publishing Group. current density. The KB loading was 1 mg cm −2 , and the current collector was carbon paper. [169] Copyright 2013, American Chemical Society.
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Conclusions
A comparison of the electrolytes discussed earlier is listed in Table 2 . It is clear that, despite extensive research in the last decade, the research on electrolytes for nonaqueous Li-O 2 batteries has to be considered as still in the primary stage. Selection of the electrolyte is the essential component for improving the electrochemical performance of the nonaqueous Li-O 2 system. Because it is necessary to operate under the oxygen crossover condition, the electrolyte stability at the lithium metal anode is also a big problem. Hence, we must develop new electrolytes and design novel SEI films on the lithium metal electrode. It is therefore an urgent necessity to find an ideal nonaqueous electrolyte for the Li-O 2 battery system with excellent physicochemical and electrochemical stability, particularly in the presence of superoxide radicals (O 2 − ), high oxygen solubility, and high diffusivity, together with SEI formation on the lithium anode. As discussed previously, currently, none of the above electrolytes could meet all of the requirements for highly stable Li Figure 21 . Optical and SEM images of a,b,c) a pristine lithium metal anode (LMA) and the LMAs harvested from Li|Li symmetric cells that were cycled at 0.2 mA cm −2 for 100 cycles under O 2 atmosphere in d,e,f) 1.0 m LiTNFSI-TEGDME and g,h,i) 1.0 m LiTFSI-TEGDME. Schematics depict the reaction and process occurring on the LMA when cycled in j) LiTNFSI-TEGDME and k) LiTFSI-TEGDME. [170] 
